Precipitation monitoring and early warning systems are required to reduce negative flood impacts. In this study, the performance of ensemble precipitation forecasts of three numerical weather prediction (NWP) models within the THORPEX interactive grand global ensemble (TIGGE) as well as the integrated multi-satellite retrievals for global precipitation measurement (GPM), namely IMERG, for precipitation estimates were evaluated in recent severe floods in Iran over the March-April 2019 period. The evaluations were conducted in three aspects: spatial distribution of precipitation, mean areal precipitation in three major basins hard hit by the floods, and the dichotomous evaluation in four precipitation thresholds (25, 50, 75, and 100 mm per day). The results showed that the United Kingdom Met Office (UKMO) model, in terms of spatial coverage and satellite estimates as well as the precipitation amount, were closer to the observations. Moreover, with regard to mean precipitation at the basin scale, UKMO and European Center for Medium-Range Weather Forecasts (ECMWF) models in the Gorganrud Basin, ECMWF in the Karkheh Basin and UKMO in the Karun Basin performed better than others in flood forecasting. The National Centers for Environmental Forecast (NCEP) model performed well at low precipitation thresholds, while at high thresholds, its performance decreased significantly. On the contrary, the accuracy of IMERG improved when the precipitation threshold increased. The UKMO had better forecasts than the other models at the 100 mm/day precipitation threshold, whereas the ECMWF had acceptable forecasts in all thresholds and was able to forecast precipitation events with a lower false alarm ratio and better detection when compared to other models. disturbing the stratospheric polar vortex, which can lead to a breakdown of this circulation with the potential to also significantly impact the troposphere in mid-to late-winter and early spring [6, 7] .
Introduction
In recent decades, observed climate trends have shown an increase in temperature worldwide so that extreme precipitation has increased in some specific areas (e.g., eastern half of North America, Eastern Europe, Asia, and South America) [1] [2] [3] [4] [5] . Due to rising temperatures, particularly over the Arctic, the sea-ice retreat allows for increased transport of heat and momentum from the ocean up to the tropo-and stratosphere. In the upper atmosphere, these waves deposit the momentum transported, Beck et al. [22] evaluated 26 precipitation datasets and compared them with gauge-radar data over the United States. Among the gauge-corrected products, the best overall performance was obtained by Multi-Source Weighted-Ensemble Precipitation (MSWEP)-V2.2, followed by IMERGDF-V05 and MERRA-2. However, IMERG real-time V05 performed substantially better than TMPA-3B42-real-time V7 and ERA5-HRES, particularly, in regions dominated by convective storms. In another study, Sharifi et al. [23] examined the accuracy of six SPEs and gridded precipitation models against a dense network of 872 stations over Austria, in terms of extreme events and different altitude categories. They also found that the latest version of IMERG-V06A performed better than the other products (except MSWEP-2.2), which was consistent with the study results by Beck et al. [22] . With respect to extreme precipitation events, Fang et al. indicated that although IMERG well captured the spatial pattern of extreme precipitation over China, the topography and climate condition had a significant influence on its performance [24] . In another study, Sunikumar et al. demonstrated the ability of IMERG to follow the intraseasonal variability with minor differences observed in the maximum values of precipitation during the rainy season over Japan, Philippines, and Nepal [25] . Mazzoglio et al. improved an extreme precipitation detection system using IMERG data and stated that this product guarantees good results when the precipitation aggregation interval is equal to or greater than 12 h [26] . However, no comparison has been made so far between the ensemble forecasts with IMERG product for extreme flood events over Iran.
The purpose of this study was to evaluate the performance of ensemble precipitation forecasting models and IMERG products for three severe 2019 flood events in Iran to determine whether these products have potential in (major) flood warning applications over Iran. According to ground precipitation data, the highest precipitation occurred in Gorganrud, Karkheh, and Karun Basins. These three basins constitute the study area.
Data and Methods
Daily in situ accumulated precipitation data from 100 meteorological synoptic stations and 221 Ministry of Energy rain gauges between 15 March 2019 to 2 April 2019 were collected. The collected data have been quality controlled by the respective organization. Ensemble precipitation forecasts of three major global meteorological centers, namely ECMWF, NCEP and UKMO, were then extracted from the TIGGE database in a 24-h lead time (https://confluence.ecmwf.int/display/TIGGE). TIGGE is part of the THORPEX project, which includes ensemble forecasts of 11 NWP world centers. Ensemble forecasts include multiple individual forecasts generated by different physical parameterizations or different initial conditions. Based on the results of NWP evaluation in several studies, the three selected models performed better than the others in different regions of Iran/the world [9, 27] . As a result, the NCEP, UKMO, and ECMWF models were evaluated as numerical forecasts in this study. The NWP data are in the GRIB2 format with a resolution of 50 km. Furthermore, daily IMERG-V06B-RT satellite estimates with an approximate 10-km spatial resolution for the whole of Iran were downloaded in NetCDF format for the study time period. Figure 1 shows the spatial distribution of the in situ observations overlaid on the elevation map. Table 1 shows the characteristics of the three NWP models and IMERG product. 
In this study, the evaluations were conducted in three steps. In the first step, the performance of the three NWP models and SPEs in terms of capturing the spatial distribution of precipitation for the three flood events (17) (18) (19) (20) (21) (22) (24) (25) (26) March, and 31 March to 2 April 2019, respectively) were compared. The numerical forecast and SPE data have a 50 × 50 km and ~10 × 10 km spatial resolution, respectively. Therefore, spatial aggregation from 10 km to 50 km was performed using the cubic convolution resampling method, which is based on the weighted average of 16 nearest neighboring pixels [28] . An in situ observation map was also constructed using inverse distance weighting (IDW) interpolation with a 50 × 50 km resolution. Moreover, for a more robust comparison of the spatial distribution of precipitation, the isohyet contours over the three respective basins for all three flood events were obtained.
For detailed insight into the second step, the mean, maximum, and minimum precipitation values for each individual event were also determined.
In the third step, the NWP forecasts and satellite data were interpolated with the aim of a direct comparison of precipitation with the in situ measurements. The IDW method used for interpolation involved four grid-points around each station. Then the interpolated precipitation at each station was In this study, the evaluations were conducted in three steps. In the first step, the performance of the three NWP models and SPEs in terms of capturing the spatial distribution of precipitation for the three flood events (17) (18) (19) (20) (21) (22) (24) (25) (26) March, and 31 March to 2 April 2019, respectively) were compared. The numerical forecast and SPE data have a 50 × 50 km and~10 × 10 km spatial resolution, respectively. Therefore, spatial aggregation from 10 km to 50 km was performed using the cubic convolution resampling method, which is based on the weighted average of 16 nearest neighboring pixels [28] . An in situ observation map was also constructed using inverse distance weighting (IDW) interpolation with a 50 × 50 km resolution. Moreover, for a more robust comparison of the spatial distribution of precipitation, the isohyet contours over the three respective basins for all three flood events were obtained.
In the third step, the NWP forecasts and satellite data were interpolated with the aim of a direct comparison of precipitation with the in situ measurements. The IDW method used for interpolation involved four grid-points around each station. Then the interpolated precipitation at each station was evaluated against the observation. The dichotomous (yes/no) evaluation of daily precipitation was further examined. For this purpose, 25, 50, 75, and 100 mm/day thresholds were set and the number of correct events determined by the satellite and NWP models in each threshold were compared. Precipitation events were counted if at least one of the stations operating in each basin recorded precipitation. Otherwise, if none of the stations recorded precipitation, a "no-precipitation" event was assigned to the whole basin. Accordingly, the probability of detection (POD) and false alarm ratio (FAR) as well as the equitable threat score (ETS) criterion were used to examine the capability of the products to detect the precipitation events. POD and ETS values vary between 0 to 1, with 1 as a perfect score, while the FAR perfect score is 0. In addition, the average results of the dichotomous evaluation of the stations in each basin were calculated in four precipitation thresholds. Interested readers are referred to Wilks (2011) for further detail on the dichotomous (yes/no) evaluation [29] . Table 2 indicates the metrics used to measure the effectiveness of precipitation estimations. Table 2 . Summary of the assessment criteria used in this study [27] . It should be noted that the evaluations of the first and second step were based on the total precipitation in each flood event. To clarify this, the first precipitation/flood event consisted of the precipitation accumulation of six days from 17 March to 22 March 2019; the second event in three days from 24 March to 26 March 2019; and the third event in three days from 31 March to 2 April 2019. A tertiary evaluation for the daily accumulation precipitations from 15 March to 2 April 2019 was conducted.
Verification Measure Formula Description Perfect/no Skill
Pearson's correlation coefficient CC = (F−F)(O−O) (F−F) 2 (O−O)
Results
By presenting the results, this section provides insights into where the model/satellite systematically differ and discusses the possible causes.
Spatial distribution of precipitation accumulation during the flood days (15 March to 2 April 2019) corresponding to the in situ observations, satellite, and three NWP models are shown in Figure 2 . It is clear that high precipitation areas extended from the northeast along the Alborz Mountains to the southeastern Caspian Sea; and from the west to southwest along the Zagros Mountains. Overall, the precipitation spatial patterns in all products were correctly captured, although there were differences in the precipitation magnitude among the products. In more specific terms, IMERG precipitation product (IMERG-RT V05) reasonably captured the precipitation distribution for most parts of the country when compared with the in situ observations. Moreover, the in situ observations highlighted four precipitation hotspots along the Zagros Mountain in the west of Iran with the largest precipitation amount. IMERG outperformed the other products to capture these hotspots. The remarkable precipitation gradients were well-captured by IMERG, possibly due to its native higher spatial IMERG resolution (~10 km ×~10 km) when compared with those of the NWP models (50 km × 50 km). Among the NWP models, the NCEP model forecasted much lower precipitation, while UKMO generally overestimated the in situ observations. In general, most of the precipitation products could capture the basic precipitation characteristics in terms of the observed spatial pattern, however, it is unknown as to whether the overestimation/underestimation was really derived by the product structure or if it was due to lack of dense in situ observations. It should be noted that the mean of the ensemble NWP forecasts was used in Figure 2 .
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Spatial Distribution of Precipitation
In this section, the differences between the in situ observations and NWP/satellite are shown with a 50 km spatial resolution in Figure 3 . In the first flood event in northeastern Iran, the UKMO model outperformed other models and indicated lower precipitation differences with the observations. Moreover, the NCEP underestimated the extreme precipitation over the southeast of the Caspian Sea, while IMERG displayed differences over the southeast and no difference over the southwest part of the Caspian Sea. In the second flood event in western and southwestern Iran, the ECMWF outperformed other products. The NCEP performed better in this flood event than it did in the first flood event. However, all models/satellite, especially UKMO, generally overestimated the precipitation amount. In the third flood event in western Iran, IMERG reasonably captured the spatial precipitation for most parts of the region, except in a few pixels in the west. In addition, IMERG indicated a smoother trend in precipitation differences from the northwest to the eastern part of Iran, while it is evident that other products had larger errors in terms of the difference with the in situ observations. 
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Flood event 1 For a more in-depth evaluation of the spatial pattern, the isohyet contours indicate that for the first flood event, which mostly impacted the Gorganrud Basin in northeast Iran, the UKMO and ECMWF models performed similarly, whereas the UKMO model better forecasted the location of heavy precipitation, followed by the satellite (IMERG). The NCEP model, although recognizing the location of heavy precipitation, underestimated the amount of heavy precipitation (Figure 4 ).
first flood event, which mostly impacted the Gorganrud Basin in northeast Iran, the UKMO and ECMWF models performed similarly, whereas the UKMO model better forecasted the location of heavy precipitation, followed by the satellite (IMERG). The NCEP model, although recognizing the location of heavy precipitation, underestimated the amount of heavy precipitation (Figure 4 ).
According to Figure 5 for the second flood event, the UKMO in the Karkheh Basin yielded better results in comparison with other products in the detection of heavy precipitation. In the Karun Basin, although the UKMO and IMERG products overestimated precipitation, they generally demonstrated better skills than the other two NWP models. The NCEP model in the southeast of the Karun Basin better forecasted heavy precipitation than the other products. With respect to the third flood event in the Karkheh Basin, the UKMO and IMERG showed better performance in the detection of the location of heavy precipitation. In the Karun Basin, although all products showed acceptable performance, the UKMO and ECMWF models outperformed the other products ( Figure 6 ). According to Figure 5 for the second flood event, the UKMO in the Karkheh Basin yielded better results in comparison with other products in the detection of heavy precipitation. In the Karun Basin, although the UKMO and IMERG products overestimated precipitation, they generally demonstrated better skills than the other two NWP models. The NCEP model in the southeast of the Karun Basin better forecasted heavy precipitation than the other products. With respect to the third flood event in the Karkheh Basin, the UKMO and IMERG showed better performance in the detection of the location of heavy precipitation. In the Karun Basin, although all products showed acceptable performance, the UKMO and ECMWF models outperformed the other products ( Figure 6 ). 
Mean, Minimum and Maximum Basin Precipitation
In order to compare the performances of the precipitation products in each individual basin within the three flood events that occurred from March to April 2019, the mean, minimum, and maximum precipitations were plotted, as shown in Figure 7 . The first flood event occurred in the Gorganrud Basin in northeastern Iran. As Figure 7a shows, in terms of mean, maximum, and minimum precipitation, the ECMWF and UKMO models performed approximately the same and well forecasted the min, max, and mean of precipitation. The NCEP model also forecasted less precipitation than the observations with respect to mean precipitation. However, the maximum in situ observations in this basin was higher than all the NWP and IMERG satellite products. Although all evaluated precipitation products were rather close to the in situ measurements, it is evident that ECMWF and UKMO, followed by IMERG, compared well with the corresponding in situ measurements in terms of mean precipitation through the first event. Figure 7b shows the mean, min, and max value of precipitation obtained from all products and in situ observations over the southwest of Iran within the Karkheh and Karun Basins. The mean precipitation values indicated that generally all of the models and satellite well estimated the mean areal precipitation with a slight underestimation during this event over the Karkheh Basin. However, in terms of maximum precipitation, the UKMO overestimated, while the satellite and other models showed underestimation over the Karkheh Basin during the second flood event. This might be due to high moisture in the atmosphere and the occurrence of small scale precipitation systems that were dominant during this event [23] . Additionally, from the median and the 25th and 75th percentiles of the box-plots, one can infer that the precipitation estimated by IMERG, followed by ECMWF, was more accurate than the other products in both basins, while the UKMO whiskers extended to the highest extreme data points in comparison to the other products.
According to Figure 7c , the mean areal precipitation values of all products were rather close to the in situ observations over the Karkheh Basin, while the box-plots confirmed that the IMERG and NCEP values were in a larger and smaller precipitation ranges in comparison to the in situ observations, respectively. However, in the Karun Basin, the UKMO greatly overestimated the precipitation, while IMERG, followed by NCEP, showed improvement in heavy daily precipitation in comparison with the in situ observations. 
Dichotomous Evaluation
With respect to dichotomous evaluation, Figure 8 compares the number of 24-h extreme precipitation events recorded at all stations in different precipitation thresholds. As the main emphasis of this study was on the evaluation of extreme events, the maximum of ensemble forecasts was carefully determined. Based on Figure 8 , at a threshold of 25 mm, NWP models estimated precipitation better than IMERG, while among the NWP models, ECMWF was closer to in situ observations. However, all products underestimated the number of events above 25 mm. At the 50 mm threshold, the UKMO predictions of the number of events were closer to the observations. However, in terms of mean ensemble forecast, IMERG estimated the number of events closer to the observations than the NWP models. It is worth noting that the performance of the NCEP model decreased significantly with an increase in the threshold. At the 75 mm threshold, UKMO was better than the other products, whereas NCEP had difficulty in forecasting the precipitation amount at this threshold. From 15 March 2019 to 2 April 2019, precipitation amounts of over 100 mm were reported for a number of days. At this threshold, in situ observations recorded 22 events, while NCEP detected none. However, the UKMO and ECMWF maximum ensembles as well as IMERG detected 11, 10, and 4 events, respectively. the in situ observations over the Karkheh Basin, while the box-plots confirmed that the IMERG and NCEP values were in a larger and smaller precipitation ranges in comparison to the in situ observations, respectively. However, in the Karun Basin, the UKMO greatly overestimated the precipitation, while IMERG, followed by NCEP, showed improvement in heavy daily precipitation in comparison with the in situ observations.
With respect to dichotomous evaluation, Figure 8 compares the number of 24-h extreme precipitation events recorded at all stations in different precipitation thresholds. As the main emphasis of this study was on the evaluation of extreme events, the maximum of ensemble forecasts was carefully determined. Based on Figure 8 , at a threshold of 25 mm, NWP models estimated precipitation better than IMERG, while among the NWP models, ECMWF was closer to in situ observations. However, all products underestimated the number of events above 25 mm. At the 50 mm threshold, the UKMO predictions of the number of events were closer to the observations. However, in terms of mean ensemble forecast, IMERG estimated the number of events closer to the observations than the NWP models. It is worth noting that the performance of the NCEP model decreased significantly with an increase in the threshold. At the 75 mm threshold, UKMO was better than the other products, whereas NCEP had difficulty in forecasting the precipitation amount at this threshold. From 15 March 2019 to 2 April 2019, precipitation amounts of over 100 mm were reported for a number of days. At this threshold, in situ observations recorded 22 events, while NCEP detected none. However, the UKMO and ECMWF maximum ensembles as well as IMERG detected 11, 10, and 4 events, respectively. The performance of all precipitation products was then evaluated using dichotomous evaluation criteria (Figure 9 ). Based on the POD metric, which measures the percentage of the accurate detection of events, the ECMWF in the 25 mm threshold and the UKMO in 50, 75, and 100 mm thresholds showed the highest PODs over Iran. The decline in the performance of NCEP with an increase in the The performance of all precipitation products was then evaluated using dichotomous evaluation criteria (Figure 9 ). Based on the POD metric, which measures the percentage of the accurate detection of events, the ECMWF in the 25 mm threshold and the UKMO in 50, 75, and 100 mm thresholds showed the highest PODs over Iran. The decline in the performance of NCEP with an increase in the threshold is clearly evident in this criterion. However, based on the FAR metric, which expresses the percentage of false alarms, ECMWF obtained the lowest FAR in maximum ensemble forecasts within all thresholds, although it did not perform well in high thresholds in the mean ensemble forecast mode. Based on the ETS, which measures the forecast quality of detecting occurrence and non-occurrence of an event, the mean ensemble forecast of the ECMWF model achieved the best score in the 25 mm threshold. In the other thresholds, the maximum ensemble forecast of the ECMWF model achieved the highest ETS scores. percentage of false alarms, ECMWF obtained the lowest FAR in maximum ensemble forecasts within all thresholds, although it did not perform well in high thresholds in the mean ensemble forecast mode. Based on the ETS, which measures the forecast quality of detecting occurrence and nonoccurrence of an event, the mean ensemble forecast of the ECMWF model achieved the best score in the 25 mm threshold. In the other thresholds, the maximum ensemble forecast of the ECMWF model achieved the highest ETS scores. Finally, the evaluation with respect to the number of events estimated by the precipitation products at different thresholds was conducted. According to Figure 10 , in Gorganrud basin in 25 mm threshold, both UKMO and ECMWF models performed well. Satellite (IMERG) and NCEP obtained rather similar performances with the detection of seven events among the 13 events in these thresholds, while the ECMWF and UKMO performances were more robust and closer to the in situ observations with the detection of 12 events. In the 50 mm threshold, both ECMWF and UKMO still performed better than the other products with the detection of seven events among the 11 events detected by the in situ observations, while the skill of NCEP declined and IMERG showed an improvement with the detection of two and six events, respectively. At a threshold of 75 mm, both Finally, the evaluation with respect to the number of events estimated by the precipitation products at different thresholds was conducted. According to Figure 10 , in Gorganrud basin in 25 mm threshold, both UKMO and ECMWF models performed well. Satellite (IMERG) and NCEP obtained rather similar performances with the detection of seven events among the 13 events in these thresholds, while the ECMWF and UKMO performances were more robust and closer to the in situ observations with the detection of 12 events. In the 50 mm threshold, both ECMWF and UKMO still performed better than the other products with the detection of seven events among the 11 events detected by the in situ observations, while the skill of NCEP declined and IMERG showed an improvement with the detection of two and six events, respectively. At a threshold of 75 mm, both ECMWF and UKMO models performed well and could forecast almost 80% of events (five out of seven events) in the 75 mm threshold. The NCEP model did not record any event and IMERG estimated only one event out of seven events. In the 100 mm threshold, both ECMWF and UKMO forecasted five events out of six events above 100 mm. The satellite and NCEP model were weak in this segment and did not estimate any events in northeast Iran in the Gorganroud Basin.
ECMWF and UKMO models performed well and could forecast almost 80% of events (five out of seven events) in the 75 mm threshold. The NCEP model did not record any event and IMERG estimated only one event out of seven events. In the 100 mm threshold, both ECMWF and UKMO forecasted five events out of six events above 100 mm. The satellite and NCEP model were weak in this segment and did not estimate any events in northeast Iran in the Gorganroud Basin. In the Karkheh Basin, the NCEP model performed well in the 25 mm threshold and was able to estimate the number of events better than the other products. However, the performance of NCEP decreased dramatically with an increase in the threshold (e.g., in the 75 mm (100 mm) threshold only one (zero) event out of 15 (5) events were forecasted). Meanwhile, IMERG performed better at higher thresholds. Generally, the ECMWF revealed better results than the other products in all precipitation categories.
In Karun Basin, NCEP again performed better at lower thresholds than at higher thresholds, whereas UKMO was slightly better than ECMWF. However, extreme precipitation greater than 100 mm was only recorded once in this basin. In the Karkheh Basin, the NCEP model performed well in the 25 mm threshold and was able to estimate the number of events better than the other products. However, the performance of NCEP decreased dramatically with an increase in the threshold (e.g., in the 75 mm (100 mm) threshold only one (zero) event out of 15 (5) events were forecasted). Meanwhile, IMERG performed better at higher thresholds. Generally, the ECMWF revealed better results than the other products in all precipitation categories.
In Karun Basin, NCEP again performed better at lower thresholds than at higher thresholds, whereas UKMO was slightly better than ECMWF. However, extreme precipitation greater than 100 mm was only recorded once in this basin.
Discussion
In this study, the evaluation of three precipitation forecast models, namely ECMWF, NCEP, and UKMO as well as the IMERG-RT V05B satellite product provided new insight into how errors vary with extreme precipitation events within different climate zones of Iran. Overall, the examined products in this study sometimes agreed well with in situ observations while in some other instances, showed significant differences. As far as possible causes for model performances, precipitation is a function of available atmospheric moisture while derived from moisture convergence. Thus, the models need to be correctly initialized and parameterized through several factors such as (i) gross condensation rate, (ii) latent heat energy exchange within the atmosphere, and (iii) the microphysical behavior of clouds [30] . However, individual clouds typically occur at subgrid scales and must be parameterized based on resolved variables such as average humidity and temperature [31] . The parameterization of cloud, and thus precipitation, continues to be one of the greatest sources of uncertainty in NWP models [32] .
Another is the significant differences in the detection of extreme precipitation amounts among the products when compared with the in situ observations. Although, in general, the models captured the spatial distribution of heavy precipitation events, the hot spots were not located in the correct area. Moreover, orography and local effects can affect the accuracy of the products. These issues should be addressed by improving the models' algorithms [33] .
Another factor in the interpretation of the differences between the model/satellite products and in situ observations might be related to the precipitation thresholds. As such, overestimation or underestimation in each precipitation threshold means that a given precipitation product was not able to estimate/detect precipitation within that particular threshold, while they could have estimated/detected the precipitation within a lower or higher threshold.
Conclusions
In this study, the performance of ensemble precipitation forecasts of three NWP models within the TIGGE database, namely ECMWF, NCEP, and UKMO, and a satellite-based precipitation product, IMERG, for three severe flood events in Iran in March-April 2019 period were evaluated. In the first step, the performance of the precipitation products in capturing the spatial distribution of precipitation was evaluated. The results showed that all of the products could generally capture the main features of the precipitation system, including the spatial distribution, total accumulation, and extreme values ( Figure 2 ). In general, UKMO, followed by IMERG and ECMWF, showed better performance than other products in capturing the spatial distribution of the accumulated precipitation during the 19 days of extreme precipitation events over Iran. However, the in situ observations identified four precipitation hotspots along the Zagros Mountain in western Iran with the largest precipitation amount; IMERG outperformed other products to capture these hotspots.
In the second step, all of the products were examined in comparison with the in situ observations in three major basins that were most affected by the floods. It was evident that ECMWF and UKMO, followed by IMERG, compared well with the corresponding in situ measurements in terms of mean precipitation through the first event in the Gorganrud Basin (Figure 7a ). With respect to the second flood event, the box-plots indicated that IMERG, followed by ECMWF, outperformed other products in both the Karkheh and Karun Basins, while the UKMO whiskers extended to the most extreme data points (Figure 7b ). In the third flood event, the mean areal precipitation values of all products were rather close to in situ observations over the Karkheh Basin, while box-plots confirmed that the IMERG pixels were in a larger range in comparison with the observations. However, almost all products overestimated the precipitation over the Karkheh and Karun Basins (Figure 7c ).
In the third evaluation step, four daily precipitation thresholds of 25 mm, 50 mm, 75 mm, and 100 mm were selected to evaluate the skill of the products in capturing precipitation within the specified thresholds via dichotomous evaluation methods. The results showed that when the threshold was increased, the performance of the NCEP model was greatly reduced, while the IMERG estimates improved at higher thresholds. At the 50 mm threshold, UKMO predicted a closer number of events in comparison with the observations. At the 75 mm threshold, UKMO revealed better results than the other products, whereas NCEP had difficulty in forecasting the precipitation amount at this threshold. At the 100 mm threshold, the in situ observations recorded 22 events, while NCEP detected none. The maximum ensemble forecasts of UKMO in higher thresholds could estimate a larger number of precipitation events than other models and the satellite. As such, UKMO detected 11 out of 22 events (Figure 8 ). However, in terms of the contingency table, ECMWF outperformed other products with a higher POD and lower FAR (Figure 9 ).
Overall, the results of this study show that the IMERG precipitation estimates and NWP ensemble forecasts performed well in the three major flood events in spring 2019 in Iran. Given the widespread damage caused by the floods, the necessity of establishing an efficient flood warning system using the best precipitation products is advised.
The overestimation/underestimation of precipitation by forecast models and satellite-based precipitation products still remains a challenge, particularly for extreme precipitation events. Short-time and extreme precipitation events are much more variable than moderate precipitation events. However, studies on the impact of the uncertainty of precipitation products are needed to obtain a better understanding of how and why precipitation products succeed or fail in the detection of heavy precipitation. Moreover, it is important to note that this study was conducted based on a short period of data (i.e., 19 precipitation days containing three severe flood events) limited to Iran. Thus, further studies using a longer dataset at the global scale in different climate regimes/geophysical features is essential to assess the impacts of the aforementioned limitations. 
